The adsorption capability of carbon dioxide on 5A molecular sieve (5AMS) was investigated in a fixed-bed apparatus with two-road gas mixing system by dynamic column breakthrough method with helium as the carrier gas for helium purification system of high-temperature gas-cooled reactor(HTGR). Experiments were performed at temperatures of 5~35 and low carbon dioxide partial pressure range of 10~150Pa. The carbon dioxide isotherms on 5AMS were well fitted by Dubinin-Radushkevich model and Toth model, and the isosteric heat was determined. Based on masstransfer zone model, the experimental breakthrough curves for different operating conditions were analyzed.
Introduction
The adsorption process of carbon dioxide on molecular sieve adsorbents is usually used for gas purification and for the maintenance of environmental systems in space craft. It is also a potential process for purification of helium coolant in high-temperature gas-cooled reactors(HTGR) [1] [2] [3] [4] [5] [6] . The primary circuit of HTGR contains various chemical impurities such as water, hydrogen, carbon monoxide, carbon dioxide, methane, nitrogen etc. and fission products as radionuclide Kr, and Xe. These impurities must be eliminated to limited levels to avoid reacting with the coated fuel particles, graphite and other structural material [7] [8] [9] . For the present worldwide design of HTGR, the impurities are removed by helium purification system, which is mainly composed in sequence of cartridge filter for removing the dustlike particles and three fixed-beds, that is, copper oxide bed for removing trace of oxygen and converting hydrogen to water vapor and carbon monoxide to carbon dioxide, 5A molecular sieve (abbr. as 5AMS in the later sections) adsorber for removing carbon dioxide and water vapor and cryogenic activated carbon adsorber for removing residual impurities such as methane and nitrogen as well as radioactive component of krypton and xenon [5, 10] . For instance, five percent of loaded inventory in primary circuit of HTR-10 per hour is drawn out, purified and finally returns back to reactor core or into helium restorage tank [11] .
In helium purification system of HTGR, the molecular sieve adsorber is largest among the three fixedbed mentioned ahead due to relatively higher impurity concentration and lower adsorption capacity of carbon dioxide as well as smaller bulk density of the adsorbent. Consequently, the adsorption capacity of carbon dioxide on 5AMS is crucial for process design and ultimately decides the size of helium purification system of HTGR. The partial pressure of carbon dioxide in primary circuit of HTGR is about tens Pa. However, most works focus their investigation on high pressure adsorption of carbon dioxide on various molecular sieves, typically for carbon dioxide capture to control the greenhouse gas [12] [13] [14] . Some works have studied the adsorption of carbon dioxide on molecular sieves for helium purification of HTGR [2, 3, 15] . However, the comprehensive adsorption data of carbon dioxide on 5AMS at low partial pressure range serving for the design of helium purification system have been rarely available in open literature.
At present, based on the technology and experience of the HTR-10, a demonstration plant of hightemperature gas-cooled reactor-pebble bed module (HTR-PM) is planned to be constructed by 2015 in China [16] . Aimed to provide systematic and reliable design data and to find the best operating condition for the demonstration reactor, a fixed-bed apparatus was designed to investigate the adsorption behavior of carbon dioxide on 5AMS at low carbon dioxide partial pressure range. This paper reports the singlecomponent adsorption equilibria of carbon dioxide on 5AMS by dynamic column breakthrough method with helium as carrier gas. A set of experiments were carried out at 5~35 and carbon dioxide partial pressure of 10~150Pa. By integrating the breakthrough curves experimentally derived, the singlecomponent adsorption isotherms of carbon dioxide on 5AMS has been obtained. Two adsorption equilibrium models of Dubinin-Radushkevich model and Toth model have been used to correlate the experimental adsorption equilibrium data. The isosteric enthalpy for adsorption of carbon dioxide on 5AMS has been determined. The mass-transfer zone model (MTZ) was used to analyze the experimental breakthrough curves so as to provide valuable design data for adsorption process. A commercial 5AMS in the form of cylindrical pellets, supplied by Shanghai UOP LTD (China), was used as the adsorbent. The adsorbent is same as that is utilized in helium purification system of HTR-10. Prior to the experimental runs, the 5AMS was regenerated in the fixed-bed adsorber and purged with pure helium gas of 280 for 10h. The adsorbent was generated by purging pure helium gas at 280 for the recycling use in the succeeding runs. The physical properties of the adsorbent are detailed in Tab. 1. The BET surface area in the table was measured by NOVA 3200e Surface Area & Pore Size Analyzer. The gases of helium and carbon dioxide used in the experiments were of high purity being 99.999% and 99.995%, respectively.
Experimental materials and methods
The adsorption equilibria were measured by dynamic column breakthrough method. The advantage of this method lies in its simultaneous obtainment of both the equilibrium data and kinetic performance. The schematic apparatus designed for the adsorption experiments is shown in Fig. 1 . It mainly consists of three parts, dynamic two-route proportional gas mixing system, fixed-bed adsorption system and gas concentration analysis system. Two mass flow controllers of great accuracy, fabricated by Alicat Scientific Inc., were used to control the mass flow rate of helium and carbon dioxide with the measuring range of 1.5L/min and 1mL/min, respectively. The two routes of pure gases were mixed in two-step gas mixing container to prepare uniform and stable feed concentration mixture of carbon dioxide with helium. The adsorber was made of stainless steel with size of 40mm×100mm. To avoid leaking adsorbent into pipeline, stainless steel nets were placed at top and bottom sides of adsorber. The 5AMS adsorbent was fully packed in the adsorber with the mass about 85g for experimental runs. The temperature of the adsorber was measured by a multimode heat-resistance contact thermometer located at the center of the adsorber and 50mm height, and the weight of packed adsorbent by electrical scale with the precision of 0.001g. The concentration of carbon dioxide was monitored by a gas chromatograph (GOW-MAC 592) fitted with a 10ft× 1/8inch stainless steel column packed with HAYSEP Q and equipped with helium discharge ion detector. The chromatograph was equipped with a sampling valve with a loop of 2.0 mL to automatically analyze the concentration of carbon dioxide at reassigned time. : first-step mixer; 5: second-step mixer; 6: mass flowmeter; 7: fixed-bed adsorber; 8: GM592 gas chromatograph; 9: feed gas preparation system; 10: fixed-bed adsorption system; 11: gas concentration analysis system; 12~18: CO 2 and He cylinders. Note: V1~V6: threeway valves; V7~V9: needle valves; V10~V15: shutoff valves; V16~V22: pressure reducing valves.
Each run of experiment was divided into two phases, the adsorption phase and desorption phase. In the adsorption phase, the feed gas was prepared by the dynamic two-route proportional gas mixing system. The volumetric flow rate of adsorption was regulated and controlled by mass flow controller of the helium carrier gas. Different feed concentrations were obtained by mixing pure carbon dioxide with helium in different proportions by regulating the mass flow controller of carbon dioxide. The two pure gases were mixed in the two-step mixing equipment. The carbon dioxide-helium mixture was initially bypassed to enter the gas concentration analysis system and measured by GM592 gas chromatograph until the feed concentration was uniform and unchanged. That is, the feed concentration of carbon dioxide was finally determined and verified according to the gas chromatograph analysis system. This mixing method can provide stable feed gas with the error less than 2ppm. Then it was introduced to the preheating pipeline, and went through fixed-bed adsorber. The temperature of adsorber was controlled by immersing it in a constant temperature water bath. The effluent concentration of carbon dioxide was measured at interval of 10min by GM592 automatically sampling analysis system to determine the breakthrough curve. The pressure of the adsorber was at near atmosphere, and measured by massflowmeter 6 fabricated by Alicat Scientific Inc.
Several hours after the carbon dioxide concentration from adsorber outlet was same as feed concentration and kept constant, the adsorber was considered saturated by carbon dioxide. Then the adsorption was stopped and the experiment passed to desorption phase. By putting the pre-heating pipeline and adsorber from constant temperature water bath to the air-convection oven at 280 , the adsorber was generated by flushing with pure helium gas for a minimum of 5h with same mass flow rate as the adsorption phase until the outlet carbon dioxide concentration from adsorber at 280 is less than 0.5ppm. It was noted that the generation time of 5h is enough for carbon dioxide to desorb from 5AMS as a result of the preliminary test. The outlet concentration of carbon dioxide at desorption phase was measured at interval of 5min to obtain desorption curves by GM592 automatically sampling analysis system.
In this work, experiments involving only trace adsorbate, there is very little change in velocity and pressure. Due to low superficial velocity and thin bed height, the pressure drop of adsorber was negligible. Thus, we can assume that the flow rates of inlet and outlet of fixed-bed adsorber are equal and bed pressure keeps constant. The adsorber can be considered to be isobaric and isothermal for each run. According to mass balance of carbon dioxide, the kinetic adsorption capacity at breakthrough point and the equilibrium adsorption capacity could be determined by integrating the breakthrough curves experimentally obtained.
Models considered in this work

Mass-transfer Zone Model for breakthrough curve
With carbon dioxide concentration of 1ppm as breakthrough point, the kinetic adsorption capacity at breakthrough point can be determined from mass balance of carbon dioxide by following equation:
where denotes the mass of carbon dioxide adsorbed at the breakthrough point in grams per 100g of adsorbent; V s is the feed volumetric flow rate at standard temperature and pressure (101.325kPa and 0 ) in L/min, m is the mass of adsorbent packed in the adsorber in gram; M is the molecular weight of carbon dioxide in g/mol, t b is breakthrough time in min experimentally measured and C i is the feed volumetric concentration of carbon dioxide. For a favorable isotherm, a constant pattern front(CPF) for breakthrough curve can be formed. According to mass-transfer zone model, the total fixed-bed length can be considered as the sum of the length of equilibrium section called LES plus an additional length of unused-bed called LUB by:
The equilibrium capacity of carbon dioxide q, LUB, and LES can be determined from the experimental breakthrough curve data by computing the mean residence time t s from following equations:
where t s is the mean residence time in min, C o is the outlet concentration of carbon dioxide, and q is the equilibrium adsorption capacity of carbon dioxide in g/100g adsorbent. t is run time in min which was long enough to consider that the bed was already at equilibrium with the feed concentration. For the ideal fixed-bed adsorber, with MTZ=0, LUB is not necessary, but if L B LES, then LUB is necessary and is referred to as the equivalent length of unused bed. For a favorable isotherm, by determining LUB from an experimental breakthrough curve at the same feed concentration and superficial velocity to be used in the commercial adsorber, the design of fixed-bed adsorption process can be achieved [17, 18] .
Models for adsorption equilibrium
Dubinin-Radushkevich (D-R) model
Unlike the other models considered, the potential theory can be used to represent adsorption equilibrium at different temperatures based on a single correlation called characteristic curve [19] . The basis of this model is the adsorption potential, the work done to transfer molecules from gas to the adsorption phase, and this is related to temperature independent forces. Hence, the adsorption potential is a function of the volume of the adsorbed phase, or a function of the mass amount of the adsorbed phase q with the assumption that the density of adsorption phase is equal to the liquid density that is considered to be constant. The adsorption potential can then be written as:
where A is the adsorption potential, f s is the fugacity of the saturated liquid at the adsorption temperature and f i is the fugacity of the adsobate vapor. Here, for an ideal gas, f s /f i can be replaced by relative humidity P s /P i , which is the ratio of vapor pressure of adsorbate at the adsorption temperature to partial pressure of adsorbate at the same temperature. Then equation (7) becomes:
And this yields:
The representation of the equilibrium capacity in term of adsorption potential can get free from temperature dependency that would be indispensable in those represented by isotherms. The temperature dependence of such equation is manifested in the adsorption potential A that defined in Eq. (8) . All data of different temperatures fall on the characteristic curve.
The (10) where the logarithm of the amount adsorbed is linearly proportional to the square of the adsorption potential. q 0 is the maximum adsorption capacity corresponding to maximum pore volume that the adsorbate can occupy. E 0 is the solid characteristic energy towards a reference adsorbate and is a constant which is a function of the adsorptive only.The slope of such curve is the inverse of the square of the characteristic energy E= E 0 [21] . D-R equation is very widely used to describe adsorption isotherm of sub-critical vapors in microporous solids such as activated carbon and zeolite.
Toth model
One of the empirical isotherm equations that is popularly used and satisfies the two end limits is the Toth equation. This equation describes well many systems with sub-monolayer coverage and has following form:
Here t is a parameter which is usually less than unity. The parameters b and t are specific for adsorbate-adsorbent pairs. When t=1, the Toth isotherm reduces to the famous Langmuir equation; hence the parameter t is said to characterize the system heterogeneity. If it is deviated further away from unity, the system is said to be more heterogeneous. The Toth equation has correct limits when P i approaches either zero or infinity. Being the three-parameter model, the Toth equation can describe well many adsorption data [22, 12] .
The temperature dependence of equilibrium parameters in the Toth equation is required for the purpose of extrapolation or interpolation of equilibrium at other temperatures as well as the purpose of calculating isosteric heat. The parameters b and t are temperature dependent, with the parameter b taking the usual form of the adsorption affinity, that is:
where b is the adsorption affinity at infinite temperature, b 0 is that at reference temperature T 0 and Q is a measure of the heat of adsorption at zero loading in J/mol. The parameter t and the maximum adsorption capacity q m can take the following empirical functional form of temperature dependence:
The temperature dependence of the parameter t does not have any sound theoretical footing; however, we would expect that as the temperature increases this parameter will approach unity. Using the nonlinear curve fitting method, the Toth model can be used to fit experimental equilibrium data either for each isotherm by Eq. (11) or for data at all temperatures by temperature dependent Toth model of Eq. (11) to Eq.(14).
Isosteric adsorption enthalpy estimation
The isosteric heat can be calculated by following adsorption form of the Clausius-Clapeyron equation [17] :
As an alternative method, according to the experimental adsorption isotherms of 5~35 , the partial pressures for different temperatures at fixed adsorption amount can be read by linear interpolation. Plotting the logarithm of equilibrium pressure as a function of the reciprocal of temperature, the isosteric adsorption heat can be estimated by Eq. (15) .
Moreover, the isosteric heat can be determined by temperature dependent isotherm correlation. Substituting the derivation formula of logarithm equilibrium pressure to the reciprocal of temperature into Eq.(15), the isosteric adsorption heat can be calculated for series of fixed loading.
Results and discussion
All of the experimental conditions and results are listed in Tab. 2, and the run numbers in the following text refer to those listed in the table. The experiments in this work were conducted at the conditions around that of helium purification system of HTR-10. In order to determine the adsorption isotherms, a set of experiments were performed by varying the adsorption temperature and feed concentration of carbon dioxide. The breakthrough curves and desorption curves for each run were measured. As a typical example, the breakthrough curve and desorption curve of run 9 were shown in Fig. 2 and Fig. 3 , respectively. For the breakthrough curve, the concentration of carbon dioxide was normalized by the feed concentration. As can be seen from Fig. 2 , the adsorber has a mass-transfer zone, which indicated that mass-transfer resistance exists for the adsorption of carbon dioxide on 5AMS. At the adsorption phase, it was observed that the temperature of adsorber kept constant and was same as the set temperature of water bath for each run. Although the adsorption is exothermic, the water bath can remove adsorption heat within little time. The operation pressure nearly keeps invariable in the whole adsorption phase. Therefore, it can be verified that the fixed-bed adsorption is isothermal and isobaric, which is the prerequisite for simply obtaining the adsorption equilibrium capacity by dynamic column breakthrough method. At desorption phase, carbon dioxide was quickly desorbed from adsorbent in the first 1.5h and the concentration of carbon dioxide in the effluent decreases slowly in the following hours, as shown in Fig. 3 . According to the preliminary test for the desorption phase, with the same mass flow rate as adsorption phase, the outlet concentration of carbon dioxide from adsorber at 280 can be lowered to be less than 0.5ppm after adsorber was flushed with pure helium at 280 for about 5h. In order to desorb carbon dioxide as soon as possible, the adsorber practically was desorbed with the same mass flow rate as adsorption phase for 2h and then changed to 1.5L/min for 2h in our experiments. This ensured the adsorbent was generated to the same extent for all experimental runs, assuming that the properties of adsorbent keep constant in the limitedly recycling use.
Analysis of breakthrough curves based on MTZ Model
It was noted that the variation of C o at the adsorber exit with time were experimentally measured by automatically sampling of gas chromatograph analysis system to obtain the breakthrough curve for each run. Based on the MTZ model, the experimental breakthrough curves for all runs were analyzed with the results shown in Tab. 2. From Tab. 2, it can be seen that the LUB for all experiments performed are less than 30mm, which accounts for just small portion of commercial fixed-bed adsorber. With the favorable isotherm of carbon dioxide on molecular sieve, the constant pattern front can be assumed to have been developed within bed length of 100mm. Therefore, according to the experimental results of the equilibrium adsorption capacity and the breakthrough curves for different operation conditions, the molecular sieve adsorber in the helium purification system of HTGR can be designed and the optimal operation condition can be selected.
Effect of temperature on adsorption capacity
Runs 3,9,15,21,27,31 and 32 are used to examine the effect of temperature on the adsorption capacity of carbon dioxide on 5AMS. As shown in Fig. 4 , both equilibrium capacity and kinetic capacity at breakthrough point decrease largely with increasing adsorption temperature. Consequently, bed temperature of adsorber must be strictly controlled; otherwise the breakthrough for adsorber will approach in advance. In addition, the difference between equilibrium adsorption capacity and kinetic adsorption capacity at breakthrough point reduces with the increase of temperature, as shown in Fig. 4 . This can be explained by the fact that increasing temperature definitely enhances the diffusion of carbon dioxide from the gas bulk flow to the surface of the adsorbent. The smaller the mass-transfer resistance for the diffusion of carbon dioxide, the less the difference between the equilibrium adsorption capacity and kinetic adsorption capacity at breakthrough point. 
Adsorption equilibrium analysis
For adsorption equilibrium data, rigorous assessments were performed and correlated by two purespecies adsorption equilibrium models of D-R model base on adsorption potential theory and Toth model being empirical model. The maximum relative deviation between model prediction value and experimental data can be evaluated according to: exp exp 1 max cal n j j j j(16) where l is the number of data point at a given temperature for each isotherm or that at all temperatures for temperature dependent models. q exp and q cal are the experimental values and the calculated values of adsorption equilibrium models, respectively.
D-R model analysis
In order to utilize the D-R model, the adsorption potential at different conditions need be firstly calculated. In Fig. 5 , the mass of carbon dioxide adsorbed is plotted as a function of adsorption potential, and it can be seen that all of the experimental data nearly fall on one characteristic curve. This showed that the Polanyi adsorption potential theory is applicable for adsorption of carbon dioxide on 5AMS. The best utility of adsorption potential theory lies in the temperature independence of characteristic curve. By measuring adsorption data at several operational conditions, the adsorption capacities at other conditions can be estimated by reading the characteristic curve.
In Fig. 6 , data for adsorption capacity as a function of partial pressure of carbon dioxide at all test temperatures (5~35 ) are plotted according to Eq.(10), which gave a good straight line. The fit equation according to Eq.(10) is:
lnq=3.85633-4.43576E-9×A 2 with the value of correlation coefficient of R 2 =0.997. The fact that lnq versus A 2 gives a good linear fit indicates that the 5AMS is a microporous solid. According to the relative deviation definition of Eq.(16), the maximum relative deviation for D-R model is 7.7%. Although the D-R model has slightly large prediction error, it is still considered as a favorable model to be used because of its independence on temperature. 
2.4x10
Toth model analysis
The carbon dioxide isotherms on 5AMS are of type according to Brunauer's classification and obvious favorable. The Toth model was used to fit each isotherm by nonlinear curve fit, with the fitting parameters shown in Tab. 3. The Toth model can fit the experimental data perfectly well with the maximum relative deviation being 1.9%. As shown in Tab. 3, the parameter t is deviated from unity, which again indicates that the system of carbon dioxide-5AMS is heterogeneous. As was expected, the value of parameter t shows a rising trend with the increase of temperature. If the temperature dependent Toth equation is used to correlate simultaneously the equilibrium data at all temperatures, the optimally fitted parameters can be extracted by nonlinear fitting method. The typical adsorption operation temperature of 283.15K for 5AMS adsorber was selected as reference temperature in this work. The optimal parameters for the temperature dependent Toth equation are listed in Tab. 4. The adsorption isotherm and fitting curve of Toth model were shown in Fig. 7 . The temperature dependent Toth model can fit the experimental data rather well with the maximum relative deviation being 5.2%. Although the temperature dependent Toth model has a little worse fitting than Toth model for each isotherm, it could correlate experimental equilibrium data at different temperatures, which has more practical application in the estimation of adsorption capacity and process simulation. The partial pressure of different temperatures at fixed adsorption loading can be obtained by linear interpolation. According to the reading data and Eq.(15), the isosteric heat at different adsorption loadings can be calculated from plots of the logarithm of equilibrium pressure as a function of reciprocal absolute temperature, with the results listed in Tab. 5. In addition, due to the good fitness of temperature dependent Toth model, the isosteric heat can be calculated by using the nonlinear fitting parameters. Substituting temperature dependent Toth model Eq.(11)- (14) into isosteric heat Eq.(15), the isosteric adsorption heat can be calculated from following equation:
Isosteric adsorption heat estimation
The isosteric heat at 283.15K can be calculated for different adsorption loadings, with the result shown in Tab. 5. The calculating results of isosteric heat are very similar to that of linear interpolation method from experimental equilibrium data. In addition, the result of isosteric heat obtained in this work is very consistent with the previously reported values of -48.3kJ/mol for initial adsorption heat of carbon dioxide [12] .
Conclusions
In order to provide systematic design data for helium purification of HTGR, the equilibrium adsorption capacity for carbon dioxide on UOP 5A molecular sieve were obtained by dynamic column breakthrough method with helium as carrier gas at temperatures of 5 -35 and low partial pressure region of 10-150Pa. The carbon dioxide isotherms on 5AMS are of type according to Brunauer's classification and obvious favorable. The CO2 single-component adsorption isotherms at different temperatures can be well fitted by D-R model and Toth model and give temperature dependent correlation. It can be suggested that the adsorption of carbon dioxide on 5A molecular sieve is heterogeneous and the 5A molecular sieve has the microporous structure. The enthalpy of adsorption for carbon dioxide on 5AMS was determined to be 47.26kJ/mol. Based on mass-transfer zone model, the experimental breakthrough curves for different operating conditions were analyzed. With the superficial velocity not more than 1.2cm/s, the length of unsorbed section (LUB) is less than 30mm under all different operational conditions performed in this work. The adsorption capacity of carbon dioxide on 5AMS is very sensitive to adsorption temperature so as to the operational temperature of the adsorber must be strictly controlled; otherwise operation efficiency of adsorber would become worse largely. The experimental results can be directly applied in the process design and operation analysis of helium purification system of HTR-PM and the trace impurity purification of carbon dioxide in industrial helium. 
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